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LNTRODUCTION.

The amplification of short wavelength coherent electromagnetic
radiation by relativistic electrons moving through a spatially

periodic transverse magnetic field v-as first demonstrated at Stan-
ford University fIj. These experiments were carried out using the
bunched electron bean emerging from a radio frequency linear ac-
celerator. Although the electron bean quality was ideally suited to

study the most important operating characteristics of the free elec-
tron laser, the small amount of available average electron beam
current coupled with only a small laser extraction efficiency con-
tributed to limit both the amount of average laser power produced

(P=0.5 watts) and the overall operating efficiency of the device

(e<O.1%).

Since the Stanford experiments a considerable amount of work
has been done to study various schemes directed toward the develop-

ment of efficient high power free electron lasers. In some of the
schemes high single pass laser extraction efficiency is pursed us-

ing for example variable parameter wigglers JZJ , constant period
wigglers consisting of only a few magnet periods [31 and constant

period gain-expanded wigglers [41 .' In other schemes the electron
beam is recirculated several times through the laser interaction re-
gion[4,51t increase total overall efficiency while retaining the

characteristically small single pass efficiency of a constant period
wiggler. .V

The present paper addresses the problem of increa.;ing the power
and efficiency of free electron lasers from a point of view which is
fundamentally different from the schen.ies meotioned ahove. The
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szahmes discussed here are based on the utilization of the continu-
0-.s electron beams generated by electrostatic accelerators. The
basic idea is to recover the energy =7.d charge of the electron beam
after it has interacted with the free electron laser. This scheme
-as first suggested by Madey [6] in !970 and later pursued by Elias
71 in 1978 to develop the two-stage FEL concept.

As will be discussed in detail in the next section two major
clhanges occur as a result of recoveri- the energy and charge of the
electron beam produced by electrost= -c accelerators. First, the
average amount of electron beam current that can be extracted from
the high voltage terminal, at const=_t voltage, can be increased
from typical values of a few hundred microamperes to several amperes
of average beam current. Second, e--en with a low single pass FEL
energy extraction efficiency the Overall efficiency of the device
can be potentially very high because the energy losses occurring
during the electron bean recover-.- stage can be made substantially
s-aller than the amount of laser energy produced. It will thus be
sho'.wn here that as a result of elezt-roi beam recovery a considerable
anount of average laser pc-wer (P>! -C ) can be generated with high
c-erall laser efficiency (e>50%') using electrostatic accelerators.
In addition to high current operat:--, electrostatic accelerators
are well suited to provide t*-e excellent quality electron beams

demanded by free electron lasers. 1: is also worth notin , that the
cDration of a free electron laser with electron beam recovery
reduces substantially the amount c: ionizing radiation normally pro-
-:ced when the spent electron -eam is suddenly stopped. This
feature alone nay be of primary ipz rrtance to those considering us-
in; free electron lasers for co--_erzi-l or laboratory applications.

Three schemes will be discusser here: a) short pulse opera-
tion with no energy recovery, b) C: single-stage operation with en-
ergy recovery and c) CW two-stzge o-eration with energy recovery.
Also, a review is made of the electron beam quality required by the
77L.

T_-,CTROSTATtC ACCELERATOR FEL WI,- "D ENERGY RECOVERY.

The technology of high-volta.- electrostatic ac celerators is
nOw wall established. Since t._ 1950s these machines have been
oerated quite reliably to produ., c very high quality continuous
Dea .s of electrons or 1e0s in th -- u voltage rang:e from I MV to

25-:V. The mnr:im.n PC ba-r curre that can be extracted durit;-
ca.nveiitional operation fron tb. -ices in entirely (t'rruned by

r ax.,1T-. ato.int ol c'hargin- c :- (i ) re',luired to maintain theC

te CLiLIal chargc (', at' const;nt C -- c pc't ee it il I r r t In in,-, .re

"-.;i current than th- c%>1'i c. ) re st! I il 1! a sittn--

t i'on uiereb)y the elcctC iC Po t.t .: f the h gh-vol t, .(, t vr inal 1in(
tI I d<e ( C s i y 14i t 1

.the c-lecto- s kin-t c ,c ; t ,

*AI
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time. During normal operation (no energy recovery) these devices
are capable of generating on a steady state basis from a few tens of

milliamps of beam current at low voltage to a few hundred microam-

peres at high voltage. A schematic diagram of a single stage free

electron laser using an electrostatic accelerator without electron

beam recovery is shown in Figure 1.

S- ELECTRON

GUN

- ACCELERATOR COLUMN
HIGH
VOLTAGE - -

POWER -
+ SUPPLY - - ELECTRONSP= BEAu DUMP

FEL

ELECTRON BEAMi...E

Figure 1. An electrostatic accelerator FEL operating with no beam

recovery.

The high-voltage terminal is charged to a potential -V by means of

an electrically charged moving belt or pelletron chain. An electron

g-an located in the HV terminal produces a relatively low voltage

electron beam which is subsequently injected into and then ac-

celerated to its final energy by the constant electric field of the

accelerating column shown. After interacting with the FEL, the

electron beam is stopped at the electron beam dump. There, most of

the beam's energy is converted to heat and ionizing radiation.

Eence, the overall efficiency of the laser is low since only a small

amount of energy is actually converted into laser radiation. It was

noted earlier that it is possible to increase the single pass effi-

ciency of the laser by means of variable parameter wigglers. lowev-

er, the amount of average laser power obtained in this confi. iration

is still small due to the limited amount of average current avail-

able from the accelerator in this rnode of operation.

Assuming that IC is the charging current reachina the high vol-

tage terminal and I is the electron beam current extracted from the
accelerator, then tRe rate of change of voltage with tLime can be

readily calculated as follows

dV [ I- IC

dt C

where C is the electrical capacitance to ground of the. high-voltrage !

V



terminal. Typically C=200 picofarad. For constant wavelength opera-
tions, the free electron laser operating in the single particle re-
give requires an electron beam whose energy spread is smaller than
the energy width of the gain curve. This requirement imposes a
r'ximum acceptable drop in the IV electrostatic potential of

AV - I

MAX -(2)

uhere N is the number of FEL wiggler periods. Equation (1) and (2)
can be combined to yield a value for the maximum electron pulse
length that. can be used with a free electron laser operating in this
mode:

[At) CV
[MAX 2N(I B- ! (3)

Before another electron pulse can be initiated, the accelerator HV
terminal value must be recharged to its initial potential. The
charging rate is given by

dV ICdiT-C (4)

Tae total recharging tire can thus be calculated combining equations
(2) and (4) to obtain

[At]CH = CV/2Nfc

it follows that the maximum pulse repetition rate that can be ob-
tained in this mode of operation is:

PRR = 1
[At]MAX + [At]C H  (5)

Table 1 below summarizes typical operating characteristic of an
electrostatic accelerator FEL when no electron beam energy recovery
techniques are used. The results shown were obtained using the
above equations with C = 200 picofarad and N = 250.

Table 1. Performance of an electrostatic accelerator free electron
laser using no electron beam recovery techniques.

V I P T [At)MAX PRR

5,V 2A 500A 20kW 5W 10 - 6 sec 250hZ

5MV IOOA 500PA lIOW 51 20xiO-9 sec 250Hz

Clearly a free electron laser operating in the abov described
configuration can be useful in riany laboratory and com~mrcial appli--
cations where laser power and efficiency is not of primary con-
sideration and where sufficient protection exists against ionizing

k&



raein:tion produced- at the electron bEam dump. Vowaver, if higher
e~:and overall efficiency is req~uired, then the electron bezxi en-

ergy and charge must b2 recovered. An appropriate techiiique to
cchieve this is discuss-?d in the ne.tsection.

n".ECTIROSTATIC ACCELZRAT0'R EEL WIThi F:,EGY RECOVERY.

As noted in the introaiuction, tepower and efficiency of a
free electron laser can be subst-ntially improved if the energy of
the spent electron bean is recoveree. Using electrostatic accelera-
tors this is done in a straight forw;ard way as shown in Figare 2.

After interacting with the FEL the spent electron bean.'s kinet-
ic energy is reduced fron a few =eaaolts to a few kilovolts by the
electrostatic decelerating coluinr show n in the figure. Subsequent-
Iy the relatively low kinetic energy beaet enters the electron
charge collector where the electrons are separated according to en-
ergy and captured by the collector surfaces with rniium pro- diuc-
ti-on of heat or ionizing radiatioa. The technique of recovering
electron beam energy by- rnas of "ec!-jressed collectors" is used fre-
rupntly with nzacy rodern Lmcro.-ave tues as dincttss~cl by Ilechtel

(y-1- HrkC
leileI

leile ~ ELECTPO1N
BE AM

E L ECT F.2 COLLECTOR

-e F

W . L I - -- - L .j L )

-U w Lo L'W

C .~ ...-..-...-.....

i e2. tin clecti ost.tic l"c Ir"IurFt? operat n1" vi titVI c r 'tiof

~jThe 1b,- t try sliow.n be.. eri th c: tnIode 015( coil. ( r roplac(-s-
t,- energy lost by t-):r- elce tron ~ to Fl-,I 1 i ..- t.ion Iu



represents the amount of electron beam current recovered. Note
that , is a conduction current .?-ile , is a true beam current.
Equation: (1) must be modified to include the recovered current IR

dV _ I (6)
dt C B -C R

It follows ftom the above equation that a steady state regime can be
obtained (- = 0) when

dt

B- I R  c: (7)

Tnat is to say, the potential of the high-voltage terminal will not
change if the amount of electron current (B-1R) lost in the system
is equal to the charging current IT. For this scheme to work it is
thus important to recover as much c, the electron beam current as it
is possible. However, even if al of the beam current is not

collected it is still possible to operate the FEL with reasonably
large values of power and efficientc}. For example, assuae that
!!=I (1-ct ) where is the fraction of bean current lost. The max-
i- L electron pulse length that can be used with a FEL is obtaited
by nodifying equation (3) to read:

R CV _f CVI~t~~x 2(1 521a.TTT(8)
M/X 2 N RP1- C 8 C

For example, if 10% of the initial curreat cannot be recovec-rer
then using (6) withc-:-0.1 and the v;'1ves for CVI,'ll", and I( ; d
in the exanple discussed in the previous sectio; the following
result is obtained:

R - MAX I[.. ,..
[ttIIAX (%

hence, the maximuum pulse length tht can be used with the FEL has
increased from [At) AX vith no energ 7 recovery to 10 times [At]MAX
when 10% of the bean current is not recovered. Also, in this exaim-
pie the average power and overall efficiency has also been increased
by a factor of 10. The ideal situation is, of course, to recover

all of the electron beam current.

Table II suuv.arizes the possi-' performance of single-stage
electrostatic accelerator free electron lasers having voriots levels,
of electron beam energy and current recovery. The efficiency figure
is de fines as follows:

AVERAGE POWER

PEAK PO..Fi

V.i



T&Zle II. Performance of electrostatic accelerator free electron
lasers with various degrees of en_--y recovery. (V-5V, C-200 pi-

cofarads, IR=2A, k=500--A, V=250)

P(peak) Mt]AX Efficiency

1 20kW 5W 10 6Sec .025?

3.1 20kW 50W 10-5 sec .025%

0 20kW 20kW 100%

The results shown in Table II -zdicate that with electron beam

energy recovery (a < 1) it is possible to operate FELS at high power

and high overall efficiency using eleztrostatic accelerators even if
the charging current k is small. Also, since during the electron
bea-n collection process the electrons have only small kinetic ener-

gies, the amount of ionizin- reaction produced is st-all. A nora de-

tailed discussion of the electron collection process can be found
else-here in this book under the title "The UCSB FE.L 'Experimental
Pr-ograz!.

Note that in the calculation or overall efficiency, power sup-
Ply losses have not been incluede. If these losses are tc'n into

account, thcn in some cases the oer-ll laser efficicncies are ex-
tacted to be as high as 50% if al! the charge and energy in the

electron beam is recovered.

T7 - STAGE FREE ELECTRON LASERS USI.NG ELECT ROSTATIC ACCELERATORS.

The two-stage FEL concept [31 was developed in 1978 at Stanford
Uniiversity as a means of generating tunable coherent radiation at
short wavelengths using low energy electron beans, such as the ones
available from electrostatic accelerators. If the techniques of

electron beam energy recovery discussed previously are also used
with two-stage FELs then a consid-erable amount of laser power can0

be produced in the lCO0A to 50 pzn wa-:elength range using convention-
al low voltage electrostatic accelerator. The simplest configura-
tion of a two-stage FEL is illustrat:. in Figure 3.

As shown in the figure a conti:-:c,:s beam of monochrowatic Clec-
trons of energy Ey rchmers, es frov- the electro:;Intic o-cc-eerator
c',I -!nn sho.a on the left sitlv of th- figure. Tie b'.hcn interacts

th the FEL wiggler to exc ite al a:, wave1 e'th 1 a: er "rE.loo m,ndc_

.. resconatc brltt tE tw ' .... cal mirror.. The wavlengil i
cf this ror!e is given apprnxir-trly the rel ationi

)o1p- 2y

L



A 0e Ais the period of the naga-et ic wiggler, AMnC 2 is the energy

ofthe incomin.fg electrons. The resonator mirrors art- constructed of

rh:-hly reflective niaterials at the co-)era ting wavelength Ap to allow

-7 intensity of the optical uod!e to prow to values in the range

10 -&Ywatts/cz:L At this high level of optical power density

6 y(.y-126y)rrnc
2

e!:f 11V - i _____

EI [L fRO N
leE BEAM

ELECTJ OLLCTO

W LO

-j -j ._ _-

EE

Figcure 3. A simple two-stage FEL scheame usin- electrostatic ac-

celerators with electron b?!am energ;; recovery.

t'-e same electron beam can interact atan with the intense optical

rode to produce coherent radiation ata much shorter wavelength

THe short wavelength optica~l n~ode (ser-ond-stage FEL) is shown i.n

,;n te as a TEMoo f-:2ussitan riode i-ropagating along the axis of the

-: Sona ato r.

A second tv:o-st ,.;ec FF She. V i-1 ilustrated inl Fij;ure 4. Itere,
D n ra te clectroa b:eaz!S '!rC Uf e t;, cxcite indt'-pendont ly the, first

Lnr' second FE!, stagets. TI"he iiajor . nrgsof thin see,~ arv: a

t'-- wavelenth of tHec s--cond sr c: a-n be ttuned wi tlioit pE-rtxirh ixg

C--e operati.on of the- fir-st -tae, 1)) "Ile stnall 1 ignal ga in of thtQ

E£-:zcnd sta-e laser can be opiimizedL !)-. choosing corroctly the ratio



lVl?~ia. to scn-n-* wavelength X and c, the FE!.
.- ;..,.ctiua len-th o.- thea s-:cond can be- adequately controlle-d

independerit elcectron bean c?-'- componen~ts. Table IV su-=ar-
-. th e operating C-aractecristiczs of a two-stagec FF1 operatin- at
t-o ifferent wa-veler.:hbs.

-1-1T20N F~IE- tPr- ir'1N3

A.Beam Quality Reqjuirer'erts. Itn free electron laser the axial
-,elocity of the electron beam ee :2ines whether or not the ee-
iroas radiate coherently. Them:-in spread of axial velocities
t -at can be accepted by a constan-t c'eriod FE!, wiggler can be calcu-
'l-ted from th e energy% width o f z -,E: FF1, gain curve zat fixed

v-,- een ath. The rannvelocity. :zoread that can be acc-apted by a
is given 'by

z MIA\ 2

xe c 11 is the numb-r of 7--.etc ros in the wiggler and )'7. 2 is
t rc rativistic ene,-rgy of'C c~' :et ro bean. If F, is the total

d of an lec tro-n in tl'e- Si z is its total transverse,

52K 2  (0

a y 2 ~mcy s th tra- r~5ea (',TS uaits-) acquired by the,-
aeto from the2 nnagnei w'i-gnz. Bis thc rms value of tlhe rag-

r-rcfield on axis )lc is t?.e periodicity of the Inagne tic
~1 ar structure. 0 i s tha transverse drift velocity of the

zl-:ctrons with respect tj the axis c5 the %.iggler. r is finite if
-2electron is injectced irnto LI-- z'agnet-ic stractu a the rng,

angle. Char..es in Scan-- th us origirnate from variations ill B and
- -. Euaton (10 cr be used1 to estmate separately the contribu-

cOn to [, 6 from variations in B a-nd L foishl ixdte
a) for fixe"d

10

rd2) for fixed

i t hz-: bpe:-: as 6zcc AOa: l a cofl,;!ant 1-riod nag-

2 IT;.. 2T 2irx ) 2

fzC t(1:!,7! *: t ;C fir''! i~o,!i tli*;xj of I hz
~1'r 1;i'gthrr 1 ''on (9) on (10) it is ton-

-~>, to tsitzie t rou. 1'a. r (Iiu~ P L11.,,1 c;.,- 1':
'withi ' given F1
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Fren' equations (12) nd (9 a LiZ: n accz?ptable electron bean
eiv -r-ence Pn-le can'. ba derived:

e _= _ _ _ ( 1~ 4 )

4 1' finally from relations (13) ac.d (14 ) a rnari-mum' acceptable
tran~sverse electron beam emittance c.-~. be obtained:

The transverse effects introffica-c through equation (Hi) can in
principle ba riiniEnizted providad low wiggler rtagnetic fields are
used. This is, of course, accomplis*>ad at th:! excpense ofrdCi'
t'-- available so-ill signal optical gain. Also, reducing thec
transverse d.imensions of the electron beam w.~ill result in a sn.Iallcr
vanlue Of [53 1in equatioa (11). --Euation (12) describscs the con-
tribution to resultin- from tl-e- sprea~d in tranasverse electront
VAlocities in ae bee. The src of suchl tra nsverse elactrojn
ve--locities cart be tracead back to t'--- electron gun cathoda (terma I
effects) and/or to the electron -:cn accelerator. Their contribu-
tions to 131can be deszribEd_ as fa11ow-s:

z T if _( 1 6 )

z_ _ Ti (,!. (17)
0 MAX V

[iS3z]EM ITTAJCE x 0 7177 6 x 10-5 J41(8
[63z 'M 1 (18

z MAX _j2ty 2

'nere T is the cathode tenperatur-e. [6 )i and[6 I are the con-
tributions to 6 fo ait sn on-itudina enid transverse
cathode thermal velocitie-s resectivaly. f~r IEM ITTANCF anem
noirical relation betwean transversea emnttancce (~'-rd and elec-
tron bearm current I(IKA) e-erived b".. esnad enr[

e -

a ti 3 i jt s t h?- v'ec rEn ,', e (i i z r C'qxi i rmen t s. tic Cs'; I y t o
C-rzatC Stn'1e- Stat'Cc mn:! uSti

PIis the ni ir-.jr urrent d r ~quirdto el-rnt_ thj, I'Fj. '.' h
4O7 Snl 1 s i na I an~~ har. Ibeelt ci 1culoze4(? to-

L-.on-Piner ce ien n,!:
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z I 1TTANCE

105

60F (Ap)
cm2

TaIe3. Electron Beaai Quality Calculations

SINGLE STAGE FEL TWO-STAGE FEL

10 0; .  4 pm 16pm 4000R
7 50 7 20

R (mm) 2 2 o.4 1.3
N, 203 200 600 8000
KT(eV) 0.2 0.2 0.2 0.2

J (Am;) 3 10 100 5000

(10% gain)

v'S 0,02 0.003 0.06 0.28
[ z V MAX

[66zT, 10-5 10- 6  3xlO 5  10- 4

[z JMAX

J VAX G, mp/c ) 103 100 33 3

(from Lawson-
Penner eq.)

J,, depends only on the number of ,:iggler periods. The calculations
listed in Figure 5 indicate that the najor source of originates
Zro-:_ the enittance relations Lawso2 and Penner. It canZbe seen from
Table 5 that to operate two--itage FiTLs at short wavelength ( =4000A)
ze transverse e nittance of electron be'ams has to improve by a factor
of 100 with respect to the value calculated from the Laws;on-Penner
rLeation. Single-stage FELs, on th other hand, can operate with the
-- ttance Calculated fron the l~aW-;:.-:-" ner relati oii.

I,. 'nar" Cu: r rept |- R~c',;U 't"e;1 t s an l I >-:r Powe'.r On t ptlt . lhe opt i cal
S A.I si,;:i1t larticl' re calo: l n I.- ittell ill KMiS til .; a.; oliow.";

3, ; N

-
(I12) r'
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--- signal ,.aveleiith

).o- ragnet period
Y r: KMS ragnetic field on axis
I = electron bean current

I; rumber of xaagnet periods
r = optical beam radius
1 qt oB/2,;nc

The above gain equation has been n,rnalized to give the correct gain
value for the Stanford FEL. It is assunaed here tha-t the electron
beam radius R is smaller or equal to the optical beam radius. At

saturation (i.e. wher. the s-mall si.-nal gain is reduced by a factor

of 2) the armount of po;ctr that can be extracted from the electron
bean as laser radiation is

IV
2 N

The electron beam requirerments aw-! th;: typcal expected perforoaance
of a single-stage free clectron liser has been incorporated into

Table 4. Similarly Table 5 su--2r1-: the operatin;; ch:-ract-erir;t:c S
of a two-stage FEL based on tle sc2.I illustrated ir Figaure 4.

Table4 . Performance of a sinFqe- .:rie [EL and required electron bea.:
characterist ics.

Vavelength (pm) 360

ma;net period (cm) 3

magnet periods 100

Magnetic field (') 0.06

Small signal gain (Amp-) 0.60

Average laser po-wer (kX.l/A:~p) 15

Overall efficiency (,) -50

Elect. be-am energy (m.-V) 3

t:.j)irmn trn sverse 111t22: ..- i ;j ) 12
-3:i .>:i'.tl:.i A,6/y $x l
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Table 5. Performance of a Wo-stac:e FEL and required electron
beam characteristics.

Wavelength (um) 0.4 16

Pump wavelength (pin) 600 4000

Pua pwave intensity (MW/cm2) 250 60

Interaction length (m) 2.4 1.2

Small signal gain (Arp - l) 5xO 3  8xlO- 3

Power output (kW/Amp) 0.5 2

Overall efficiency (%) 0.3 1.5

Elect. beam energy (MeV) 9.38 3.55

haximua transverse emittance (mm-rirad) -rO.8 7lO

Maximum Ay/y 6xlO 5  0.Rx10- 3

CONCLUSION S.

The operations of single-stac;e and two-stage free electron

lasers using the electron beans produced by electrostatic accelera-

tors has been discussed. The tech niques of electron bearn energy
recovery reviewed in this chapter can be used to produce inten ;e
beans of coherent electromagnetic radiation in the far infrared re-
gion with high levels of efficiency with present electrostatic ac-
celerator technologies. At shorter wavelength high power laser ra-
diation can also be produced, but only at reduced coverall efficien-
cy. It nay be possible be produced, but only at reduced overall ef-
ficiency. It may be possible to ex:tend the operating wavelength re-
gion of single-stage electrostatic accelerator free electron lasers
into the visible region with the advent of new IIV technology.
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